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Abstract 

Motivated by recent results from Higgs searches at the Large Hadron Collider, we consider 
possibilities to enhance the diphoton decay width of the Higgs boson over the Standard Model 
expectation, without modifying either its production rate or the partial widths in the WW and 
ZZ channels. Studying effects of new charged scalars, fermions and vector bosons, we find that 
significant variations in the diphoton width may be possible if the new particles have light masses 
of the order of a few hundred GeV and sizeable couplings to the Higgs boson. Such couplings could 
arise naturally if there is large mass mixing between two charged particles that is induced by the 
Higgs vacuum expectation value. In addition, there is generically also a shift in the Z"f partial 
width, which in the case of new vector bosons tends to be of similar magnitude as the shift in the 
diphoton partial width, but smaller in other cases. Therefore simultaneous measurements in these 
two channels could reveal properties of new charged particles at the electroweak scale. 
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I. INTRODUCTION 



The Standard Model (SM) provides an excellent description of all observed phenomena 
at high energy physics experiments. The gauge structure of the SM forbids the presence of 
explicit masses for the fundamental fermions and gauge bosons. These masses are therefore 
associated with the breakdown of the electroweak symmetry. The spontaneous breaking 
of the gauge symmetry in the SM is engineered via the introduction of a fundamental 
scalar, transforming in the fundamental representation of the SU(2)l group, and leads to 
the presence of a new physical degree of freedom, the Higgs boson, with no electromagnetic 
or color charges, and with tree-level couplings to the fundamental fermions (massive gauge 
bosons) which are proportional to (the square of) their masses. 

Searches for a SM-like Higgs boson are underway at the Tevatron and Large Hadron 
Collider (LHC) experiments. The Tevatron experiments search for a Higgs produced in the 
dominant gluon fusion channel and decaying into the weak gauge bosons, as well as the 
associated production of a Higgs with weak gauge bosons and decaying into bottom quarks. 
Due to the limited Tevatron energy, it is sensitive to Higgs boson masses smaller than about 
200 GeV. No excess of events were observed in the high mass range, but a broad excess 
consistent with a SM-like Higgs decaying into bottom quarks was observed for masses in the 
115-135 GeV range l|]. The statistical significance of the observed excess is, however, less 
than 3 a and therefore not sufficient to claim evidence for the Higgs boson. The Tevatron 
run is over and an increase in significance of the Higgs signal may only come from further 
refinement in the search efficiencies, for the data already analyzed. 

The LHC experiments, on the other hand, have sensitivity for Higgs bosons produced 
in gluon fusion and decaying into weak gauge bosons, for Higgs masses from about 120 
GeV up to a mass close to 600 GeV. No significant excess has been seen for masses above 
129 GeV and both LHC experiments therefore exclude the presence of a SM Higgs boson 
in the 129-539 GeV range at the 95% confidence level [3]. The LHC is also sensitive to the 
decay of Higgs bosons into diphoton states, for masses in the 114-130 GeV range. Quite 
intriguingly, both experiments observed an excess of events in this channel, consistent with 
the production of a Higgs boson with a mass of about 125 GeV, with a local significance 



which is close to 3a 



4] . There is also an excess in the production of pairs of Z gauge 



bosons at the ATLAS experiment in this mass range A similar search at the CMS 
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experiment reveals a somewhat less significant result 6] . These two search channels provide 
the best Higgs mass resolution and therefore are powerful in probing the presence of a Higgs 
boson in the narrow mass range around 125 GeV. A naive combination of the results of both 
experiments seems to reveal a central value of ZZ production with a rate similar to the SM 
one, while the central value of the diphoton production rate appears to be enhanced by 1.5 
to 2 times the SM one. The excesses seen in the h — > 77 and h — > ZZ — > A£ channels are 
somewhat offset by the more background-like outcome in the h —> WW searches More 
statistics would be needed to determine if these results are significant or are just the product 
of a statistical fluctuation. 

Motivated by these results, we shall investigate the possibility that the diphoton rate is 
enhanced, and that this enhancement is entirely due to an increase of the partial diphoton 
decay width of the Higgs, but without significantly varying the total width or production 
cross sections with respect to their SM values. Since the Higgs coupling to photons is induced 
at the loop-level, such an enhancement of the diphoton decay width demands the presence 
of colorless charged particles with significant couplings to the Higgs boson that will add to 
the dominant SM contribution from the W ± boson loop. On the other hand, SM fermions 
which receive their mass via a Yukawa coupling to the Higgs, give subleading corrections 
which suppress the diphoton partial width. Therefore, a modified diphoton rate suggests 
the presence of new charged particles and we will see that an enhanced width in this channel 
points to an interesting structure of the couplings of the Higgs boson to these new charged 
particles. 

A large number of works have studied effects of new particles in the diphoton decay 
widths of the Higgs as well as in the gluon fusion production channel 8Ml3l|. which is also 
a loop- induced process. 1 However, here we wish to emphasize the generic properties of 
light charged particles leading to an enhancement of the Higgs diphoton width, as well as 
their physical implications, beyond the shift in the diphoton rate. For example, the LEP 
experiments put a strong constraint on the presence of charged particles with mass lower than 



about 100 GeV 
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16| . and avoiding these bounds while keeping a significantly increased 



diphoton rate may imply an enhanced coupling to the Higgs boson. More interestingly, 



1 In this article we shall not analyze the effects of Higgs mixing, as the ones present in models with extended 



Higgs sectors (see, for example, Rcf. |l4|) 
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FIG. 1: 5"M contributions to Higgs decays in the 77 and Z^ channel. 



we point out that any change in the diphoton width is accompanied by a corresponding 
modification in the Z7 channel, since any charged particle has a non-vanishing coupling 
to the Z boson generically, and that different new particles give rise to different correlation 
patterns between these two channels. These particles may induce corrections to the precision 
electroweak observables and yield new minima in the Higgs potential at tree-level or via 
radiative corrections. However, these problems can be remedied in a complete model, and 
given that more data will be available in the near future, we would like to work in a model- 
independent fashion and shall not be concerned with these indirect constraints. Instead, we 

n 

argue that indirect evidence for new light particles in the 77 and Z7 [17[ channels would 
point to a rich structure of new particles at the TeV scale. 

This article is organized as follows : in Section |TT] we develop a general understanding of 
the deviations in the Higgs coupling to photons due to presence of new charged particles. In 
Section [TTT1 we discuss specific examples associated with particles of spin zero, spin one-half, 
and spin one, while in Section HVl we work out the correlations between 77 and Z7 partial 
widths. Then we conclude in Section |V] In the Appendix we collect expressions for the loop 
functions used in the calculations. 

II. GENERAL FEATURES OF THE HIGGS TO DIPHOTON DECAY WIDTH 

In the SM the leading contribution to the Higgs coupling to diphoton is the W ± boson 
loop, which is at least four times larger than the next-to-leading contribution from the top 
quark loop. The Feynman diagrams are shown in Fig. [1], where the same diagrams also 
constitute the dominant contributions to the Higgs coupling to Z7. The analytic expression 
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for the diphoton partial width reads 18|, [19] 



nh^ll) = ^0 i \A 1 {r w ) + N c QlA 1/2 {r t )\ 2 , (1) 

where Gf is the Fermi constant, N c = 3 is the number of color, Q t = +2/3 is the top quark 
electric charge in units of |e|, and Tj = 4m 2 /m 2 4 , i = t,W. Below the WW threshold, the 
loop functions for spin-1 (W boson) and spin- 1/2 (top quark) particles are given by Eqs. (154)) 
and (155]) in the Appendix. 

In the limit that the particle running in the loop has a mass much heavier than the Higgs, 
we have 

At -7 , N c Q 2 t A 1/2 -+ ^N c Q 2 t . (2) 

For a Higgs mass below the WW threshold, the W boson contribution is always dominant 
and monotonically decreasing from A\ = —7 for very small Higgs masses to A\ « —12.4 
at the threshold, while the top quark contribution is well-approximated by the asymptotic 
value of (4/3) 2 ~ 1.78. If we consider a Higgs mass at 125 GeV, the W and top contributions 
are 

m h = 125 GeV : A 1 = -8.32 , N c Q 2 t A 1/2 = 1.84 . (3) 

We will investigate effects on the diphoton width from adding new colorless charged particles 
of spin-0, spin-1/2, and spin-1, which would interfere with the SM contributions. In par- 
ticular, we are interested in investigating under which circumstances the di-photon partial 
width could be significantly enhanced . 

We begin by re-writing the diphoton decay width in terms of the Higgs coupling to the 
particles in the loop: 



r(h 77) 



<* m h 

1024tt 3 



gj ^Q 2 v A x {r v ) + 2 -^lN cJ Q}A 1/2 (r f ) + N. s Ql 9 -^ A (r s ) 
my rrif J m z s 



(4) 

In the above the notation V, f, and S refer to generic spin-1, spin-1/2, and spin-0 particles, 
respectively. Qv, Qs and Qf are the electric charges of the vectors, scalars and fermions 
in units of |e|, N c j and N Ct s are the number of fermion and scalar colors and the scalar 
loop function A is defined in Eq. ( 156]) in the Appendix. A approaches 1/3 for infinitely 
heavy scalar masses in the loop. For the standard model case, the W boson and top quark 
couplings to the Higgs are given by gnww — 9 2v /2 an d gmt = At/v2, and 

Qhww 2ghtt 2 

— — = = - > ( 5 ) 

mfo m t v 
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where v ~ 246 GeV is the Higgs vacuum expectation value (VEV). Using Eq. (j4j) one could 
easily include new loop contributions in the diphoton decay width. 

To understand the pattern of deviations in the diphoton width, it is instructive to use 
the low-energy Higgs theorems Q] to derive leading contributions to the diphoton decay 
width from new heavy particles, although in the specific examples considered later we always 
include the finite mass effect. The theorems relate the partial decay width to the 77 two 
point functions. As a result, the leading contribution in the h — > 77 partial width can 
be obtained from the knowledge of one-loop QED beta functions. More specifically, in the 
presence of charged heavy particles, the QED effective Lagrangian at one-loop order is given 
by 

£77 = -~ V" E if-2 lQ S —2 + • • ■ > ( 6 ) 

4 I67H mf 

i 1 

where rrii is the mass of the z'th particle, A is an ultraviolet cutoff, and the beta function 
coefficients h are HQ 

4 

b\/2 = -N c jQ 2 j for a Dirac fermion , (7) 
3 

b\ = —7 for the W boson , (8) 

bo = -N c S Q 2 s for a charged scalar . (9) 
o 

The —7 coefficient for the W boson can be understood as the sum of —22/3, which is the 
beta function coefficient for non-abelian gauge bosons, and +1/3, which comes from the 



scalar (longitudinal) components of the massive gauge bosons [la. llQfj . 

Since we are interested in an enhanced 77 width without changing the Higgs production 
rate, we only consider new particles carrying no color charges and set N c = 1 henceforth. 2 
Moreover, if the mass of the new particle depends on the Higgs VEV, 3 rrii — > rrii(h), and is 
much heavier than m^, we can integrate out the heavy new particle and describe the Higgs 
coupling to two photons using an effective Lagrangian in a 1/rrii expansion. In the end 



2 In the gluon fusion production of the Higgs, if the amplitude from a new colored particle is approximately 
twice as large as that from the SM top but with an opposite sign, the resulting amplitude simply changes 
sign and the production cross section could remain roughly the same. This way one could enhance the 
diphoton decay width without changing the production rate using a new colored particle. This scenario 
has the same effect as flipping the sign of the linear h-t-t coupling, relative to the top mass, using higher 
dimensional operators and is clearly very special. We do not consider this possibility further in this work. 

3 The new particle does not have to receive all of its mass from the Higgs VEV, but only some of it is 
sufficient. 



6 



the /177 coupling is readily obtained by making the substitution h 
expand to linear order in h: 
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a h 



/177 



167T V 

In terms of the notation in Eq. (JJ]) 

9hVV 
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log rrii(v) 



h + v in Eq. and 
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— \ogm 2 s {v) . (11) 



In the limit of heavy masses, the exact result in Eq. (jl]) is in full agreement with Eq. ffTOl) . 

When there are multiple particles carrying the same electric charge, one can write down 
a slightly more general expression 
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a h 



/i77 



16lY V 



£ h sioW log (^Ma*) + E ^Mck log (det M% -«) 
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where an d A^^.i are the mass matrices of all particles carrying the same electric charge 
and spin, and F and B denote fermions and bosons. This expression allows for the possibility 
that there could be mass mixing between particles. In particular, we will be focusing on 
scenarios where the mass mixing is induced after the electroweak symmetry breaking, which 
occurs in many theories beyond the SM. 

The form of the effective Higgs coupling to two photons in Eq. (fl2|) makes it straight- 
forward to understand the pattern of deviation from SM expectations in the presence of 
extra particles running in the loop. As a simple example, we consider the addition of two 
new fermions. The same consideration applies to scalars by simple substitutions of mass 
matrices. In this case, the mass matrix is a 2 x 2 matrix, 
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111 
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from which the /177 coupling is determined from Eq. ( fl2l) by 
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(13) 



(14) 



A few comments are in order. First we assume no mass mixing, m\ 2 = 0. In this case it 
is interesting to consider the situation where both particles receive all of their masses from 



electroweak symmetry breaking, m\ = diV 2 , where di > as required by the condition of 
positivity of the mass. Then the first two terms in Eq. (I14p contribute with the same sign. 
This argument suggests that adding a fourth generation quark and/or lepton would always 
amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs, 
which implies a reduction in the diphoton decay width. 4 When turning on the mixing 
parameter m 2 2 , there are two possibilities. The first is that the off-diagonal mixing m\ 2 is 
independent of the Higgs VEV, as may be the case when the two particles have the same 
SU(2)l x U(l)y quantum numbers, then m\ 2 only enters in the denominator in Eq. (fl4j) . 
which must be positive-definite in order to avoid massless and/or tachyonic states. Thus 
the pattern of interference effect in this case is independent of the off-diagonal entry m\ 2 . 
The other possibility may occur when the two particles belong to different representations 
of SU(2)l, such as an SU(2)l doublet and an SU(2)l singlet, respectively. Then, m\ 2 oc v 
and the interference pattern is quite sensitive to the off-diagonal mixing due to the minus 
sign in front of it in the numerator in Eq. ( fl4l) . An enhancement of the diphoton coupling 
to the Higgs may be obtained in this case, since the contribution of the off-diagonal term 
has the same sign as the leading SM contribution from the W loop. Moreover, the deviation 
with respect to the SM rate could be significant when the mixing is large, which is well- 
known in the context of squark and slepton contributions to Higgs production and decays 



in supersymmetry 



12|. 



Eq. (fl2l) also suggest a possible connection between the interference pattern in the dipho- 
ton width and the cancellation of one-loop Higgs quadratic divergence, which was studied 



in Ref. H| in the context of gluon fusion production of the Higgs boson. The one-loop 
quadratic divergence in the Higgs mass is contained in the Coleman- Weinberg potential 
J, 

-L-A^trA^Al, (15) 

107T Z 

and can be obtained from the WH term in the mass matrix squared, after turning on the 
Higgs as a background field. We have used the super-trace notation in Eq. [T5l) to incorporate 
scenarios where particles with different spins could contribution to the quadratic divergences. 



4 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known 
result that a fourth generation quark will amplify the effect of the SM quarks, thereby enhancing the 
production cross section with respect to the SM. 
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Assuming no mass mixing between particles, we see that a scalar worsening the SM top 
quadratic divergence and a fermion canceling the SM top quadratic divergence will both 
interfere destructively with the SM top quark contribution in the diphoton amplitude. The 
interference with the leading contribution, which comes from the W boson loop, is thus 
constructive and tends to enhance the diphoton width. The reason for the different pattern 
between scalar and fermion is due the fact that they have opposite sign in the super-trace 
in Eq. (115)) while in the QED one-loop beta functions they have the same sign. From this 
argument it is also easy to see that a four-generation lepton has the tendency to reduce the 
diphoton decay width, since it only worsens the SM top quadratic divergence in the Higgs 
mass. 

III. SPECIFIC EXAMPLES 

Next we consider specific examples where the h — > 77 partial width can be enhanced 
significantly over the SM expectations. 

A. A new W boson 

Given that the SM contribution is dominated by the W boson loop, one could add a W 
boson, defined as the T 3 = ±1 component of an SU(2)l triplet, which has the following 
mass when turning on the Higgs VEV, 

m wl (v) 2 = m^ + c w >m^y , c w > > , (16) 

where = g 2 v 2 /A is the mass of the W boson in the SM and we assume is indepen- 
dent of v. The coefficient cw> parametrizes the coupling of the W boson with the Higgs, 
which we take as a free parameter. The only requirement is cw' > so that the W bo- 
son loop interferes constructively with the W boson loop, leading to an enhanced diphoton 
partial width. In the lagrangian cy/' is the coefficient of the following operator: 

O w , = \c w ,g 2 rfHW ! ;W'-» . (17) 

For the SM W boson we have cw = 1. Using the exact one- loop form factors in Eqs. ([5 
and ( 1551) . we define the enhancement factor over the SM diphoton width 



1 + C W i 



m 2 w , A x {t w ) + N c Q 2 t A 1/2 (r t ) 



(18) 
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FIG. 2: Contours of constant diphoton partial width, normalized to the SM value, shown as a 
function of cw 1 , the W' coupling strength to the Higgs as defined in Eq. t!6\) , and the new W' 
boson mass. 

In the limit m\y' — > oo, the leading contribution from the W loop becomes 



cw 2 
m 



-A\(tw>) — > — 7 x cw' 



(19) 

V W' m w' 

in accordance with Eq. (fTOj) . From Fig. |2]we see that, for a positive cw>, an enhancement by 
a factor of two is possible for cyy> > 1 and m W / > 130 GeV. We note in passing that the same 
enhancement can be achieved for a similar mass range if cw' ^ —5, which requires large 
couplings and some fine tuning between the two contributions to the W mass in Eq. ( 1T61) 
in order to get a light W . 

Notice there is a correlation between the sign of cw> and the cancellation of, or the lack 
thereof, the quadratic divergence in the Higgs mass-squared due to the SM W boson 11 ). 
For cw> > (< 0), the W boson adds to (cancels) the quadratic divergences induced by the 
W boson, which in the SM partially offsets the dominant top quadratic divergences. 

A W' boson with direct couplings to the SM quarks and leptons is severely constrained 
by direct searches at the Tevatron and the LHC. Assuming SM coupling strengths, the lower 
bound on the mass for decays into leptonic final states is in the multi-TeV re gion 21] while 
searches in the dijet resonances lead to a weaker bound, at around 850 GeV 22j. Thus the 
W boson giving rise to the enhancement in the diphoton cannot couple to the SM quarks 
and leptons directly. One possibility is to impose a new Z2 parity in the same fashion as 



the KK-parity in universal extra-dimensions 



and the T-parity in little Higgs theories 
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24l | . For example, the bound on the W boson in little Higgs theories with T-parity from 
precision electroweak constraints is > 280 GeV 24|. Below that mass additional particles 



would need to be present to cancel the W contribution to the p parameter. We will see in 
the next section that the same W boson in the loop of the diphoton width would also modify 
the Higgs decay width in the Z7 channel. Therefore, if simultaneous measurements of 77 
and Z7 widths point to a light W boson as the underlying mechanism, it would definitely 
hint at additional structures and particles at the TeV scale. Given current constraints on 
direct searches, such a W could decay into dijet plus a missing particle which is the lightest 
parity-odd particle. A possible discovery mode in colliders would be pair-production of 
the W bosons decaying into four jets plus missing transverse energy, which has not been 
searched for at the LHC. 



B. New charged scalar s 

We consider one new scalar first, and by analogy to the W boson case, we parametrize 
the mass of the new electrically charged scalar as 

m l = m so + \ c sv 2 , (20) 

where mso is independent of v. The operator giving rise to cs is 

O s = c s H^H\S\ 2 , (21) 

which results in gnss = cgv. Contrary to the W case, to get an enhancement, we would 
need to assume cs < so that the scalar contribution interferes constructively with the SM 
W boson loop. The case of c$ > requires a scalar mass that is lighter than the case we 
discuss. Considering Qs = 1 as an example, the enhancement factor is 

c s v 2 A (t s ) 



1 _l uv °> (02) 

+ 2 m 2 s A 1 (r w ) + N c Q 2 t A 1/2 (r t ) ' 1 ] 

For cs < —2, an enhancement of a factor of two is possible for ms > 100 GeV, as can be seen 

in Fig. [3j For a heavier scalar mass, ms > 200 GeV, a strong enhancement requires a very 

large hSS coupling: guss/v = cs < —10. A negative gtss coupling implies the following 

quartic couplings in the scalar potential: 

V(S,H) D -\cg\\H*H\\StS\ + \\H^H\ 2 + ^|^| 2 , (23) 
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which could induces new charge breaking minima as well as problems with Higgs vacuum 
stability, if \cs\ is large. A full analysis of these issues for a singlet scalar and a doublet scalar 
can be found in Ref. 25J. For example, the condition that the scalar potential is bounded 
from below requires 

\c s \ 2 < A 5 A. (24) 

Since the Higgs quartic coupling is fixed by the Higgs mass (A ~ 0.25), a large value of \cs\ 
demands very large values of A5. Therefore, values of \c$\ larger than a few units would 
either lead to strong couplings or be in conflict with vacuum stability, unless additional 
contributions are present to stabilize the potential. 

One could achieve the strong enhancement with a heavier scalar mass by assuming a larger 
charge, like the doubly charged scalar in an electroweak triplet, and/or a large number of 
degrees of freedom, N Cj s, associated with a "dark color" charge different from the SU(3) C 
one. Since the contribution of the charged scalar to the amplitude grows with N c ^Q 2 s /m 2 s 
parametrically, then one can obtain the same enhancement for larger masses by scaling up 
N Ct s and/or Qs, and the scaling goes like 



.2 



N c ,s\Qs\(m 2 s ), =0q=1 . (25) 



Still, unless unnatural values of the charges or colors are assumed, in order to get a significant 
enhancement of the diphoton rate, the new scalars must have masses below the weak scale. 
One could also use a large value of N c> s to achieve a significant enhancement with a positive 
cs, in order to avoid the vacuum instability associated with a large, negative c$- For a factor 
of two enhancement in the diphoton width that can be achieved by a particular choice of 
(— \cs\,ms), N c ,s ~ 6 is needed for the same enhancement from (+\cs\,ms)- Even larger 
N Ct s is necessary if the measured increase in the diphoton width would become smaller. 

A natural way of obtaining negative couplings of the scalars to the Higgs boson is via 
scalar mixing, which can be seen easily from the general arguments presented in Section [Hj 
Basically it boils down to the observation that the Higgs coupling to photons is controlled 
by the determinant of the mass-squared matrix and the mass mixing always reduces the 
determinant. It is also possible to see the same effect by going directly into the mass 
eigenbasis in the presence of mixing. We will see that in the mass eigenbasis the lighter 
mass eigenstate could obtain an "effective" ghss coupling which is negative. The canonical 
example is the mixing between an electroweak doublet scalar and a singlet scalar carrying the 

12 
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FIG. 3: Contours of constant diphoton partial width, normalized to the SM value, shown as a 
function of cs = Qhss/ V an d the new scalar mass. 

quantum numbers of the left-handed and right-handed leptons, respectively, which appears 
in supersymmetry (see, for example, Refs. 12| and 13|)- I n this case the mass mixing occurs 
only after the electroweak symmetry breaking and requires an insertion of the Higgs VEV, 
which implies that the mass mixing not only affects the mass eigenvalues, but also directly 
the coupling of the mass eigenstates to the Higgs boson. If the two charged scalars have the 
same electroweak quantum number and the mixing does not go through a Higgs insertion, 
then the Higgs coupling to the mass eigenstates depends on the mixing parameter only 
implicitly through the mixing angles between the gauge and mass eigenbasis, and would not 
have a big effect on the partial width. Therefore, in the following we focus on the canonical 
example of mixing between a doublet scalar and a singlet scalar. 

Denoting the two charged scalars in the gauge basis by Sl and Sr, one can write down 
the general mass-squared matrix, 



m L (v) 2 -^vX s 
-^vX s m R {vf 



(26) 



where Xs is a dimensionful parameter characterizing the mass mixing. The mass matrix 
can be diagonalized by a 2 x 2 rotation matrix, 



Cflo Sflc 



-s 9s c 9s 



(27) 
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such that the mixing angle and mass eigenvalues are 

1 



Sua 2 



m 2 L + m\ =F \J {fh 2 L — m 2 R ) 2 + 2v 2 X : 
'V2vX s 



(28) 



s 2 e s = 2 2~ ' ° 2d s = — 2 T~ ' (29) 

We see that, when the off-diagonal term is large vXs 3> — m 2 R ), the mixing angle is 
maximal: s 2 g s ~ 1 and C2# s ~ 0. Notice that our notation is such that Si and S 2 are the 
lighter and the heavier mass eigenstates, respectively. 

The effect of the mass mixing may be understood in two ways. First, by computing the 
properties of the determinant, as done in the previous section, and second by computing the 
dominant effects provided by the lightest scalar. We define, similar to Eq. ( 1201 ). 



~2 ~ 2 1 2 ~2 ~ 2 1 2 / of ,\ 

m L = m w + 2 ClV ' m « = m Ro + 2 Ci?u ' ( 30 ) 



From Eq. ( 1141) we get 



<91og(det.M|) (m|g + |c L i; 2 )c fl + (m| + |c R i; 2 )c L - Xf 

O — U 2 2 " W / 

cw ml m S2 

Since the denominator is positive this shows that a constructive interference with the W ± 
gauge boson contribution demands either negative coefficients cl,r or a large mixing contri- 
bution from X S - Alternatively, we can compute the effective ghs^ couplings in the (Si, S 2 ) 
eigenbasis by using Eq. (ITT]) . 

QhSiSi = c+v + c 2ds c-v - -j=s 2 e s X s , (32) 

9hSaSa = c + v ~ C 28 S C- V + —^S 2 8 S X S , (33) 

where c± = (ci ± cr)/2. The effective are defined as 

flhSM i = 12 . (34) 
v 

Note that the sign of the term proportional to the off-diagonal Xs term in the ghSiSi coupling 
is always negative for the lighter mass eigenstate, which is why the mass eigenvalue is smaller. 
Therefore, when cl,r are both negative, the mixing parameter Xs further enhances the ghSiS! 
coupling. Even when both cl,r are positive, when Xs is large and the mixing maximal, the 
sign of ghSxSi coupling could be flipped from positive to negative, in which case Si interferes 
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c L =c R =Q and m L =m R =300 GeV c L =c R =0 and m L =m R =30Q GeV cl=c r =Q and m L =m R =30Q GeV 




X s (GeV) X s (GeV) X s (GeV) 



FIG. 4: Left panel: Diphoton partial width normalized to the SM as a function of the mixing 
parameter between the two charged scalars. The solid (dashed) line in the i? 77 plots includes both 
(only the lightest) mass eigenstates. They are almost on top of each other since the contribution 
from the heavy mass eigenstate is tiny. Middle panel: Mass of the lightest (solid, red line) and 
heaviest (dashed, blue line) scalar mass eigenstates as a function of the mixing parameter. Right 
panel: Effective couplings of the lightest (solid, red line) and heaviest (dashed, blue line) scalar 
mass eigenstates as a function of the mixing parameter. 

constructively with the SM W boson as if it acquired a negative effective coupling cs- 5 So, 
by focusing on Si as the dominant contribution to the diphoton decay width, we obtain 
similar conclusions to the ones obtained by the analysis of the scalar determinant above. 

As an example, in Fig. H] we show the enhancements in the diphoton width as a function 
of the mixing parameter Xs for the following scenario: 

cl = cr = and rriL = thr = 300 GeV . 

The solid and dashed lines in the i? 77 plots are for including both mass eigenstates and only 
the lightest mass eigenstate, respectively. We see that the contribution from the heavier S2 
is negligible, as the dashed line is right on top of the solid line in the left panel of Fig. HI 
which implies the enhancement is entirely due to the lighter eigenstate S\. An enhancement 
by a factor of 1.5 is possible for X s > 450 GeV, for which m Sl > 120 GeV and cs 1 < —1.3. 

In general, larger values of trl and require larger values of the mixing parameter Xs 
in order to get a significant enhancement. Parametrically the critical value of Xs for a large 

It is worth pointing out that, since the photon coupling is "vector-like," the hSiS2 coupling is not involved 
in the diphoton width; only hSiSi couplings enter. 
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enhancement grows with m^m^, which is the positive contribution to the determinant of 
the mass-squared matrix. It is easy to see that large values of X$ S> v induce the presence 
of charge breaking minima, deeper than the electroweak one. (See, for example, Ref. 26|.) 
Hence, scenarios with X$ ~ 1 TeV require additional new physics at the weak scale to 
stabilize the vacuum. In all realistic large enhancement of the Higgs diphoton width 

demands masses of scalar s below the weak scale. 

Light charged scalars have been searched for at colliders. For example, LEP put a lower 
bound on the mass of sleptons in supersymmetry that is of the order of 100 GeV 15| . Similar 
to the W case, one could postulate a new Z 2 parity carried by the new scalar, much like 
the R parity carried by the sleptons. While we have not specified a detailed production and 
decay mechanism of the charged scalar under consideration, we note that a somewhat large 
coupling to the Higgs boson is necessary in order to have a scalar mass heavier than the 
lower bound on the slepton mass, as can be seen in Figs. [3]and|H Indeed Ref. [jjj], found 
that, in MSSM, a significant enhancement in the diphoton channel is possible only when the 
stau is very light, close to its direct search limit. Possible stau search strategies at the LHC 
were subsequently discussed in Ref. fl^ . 



C. New charged leptons 



Here the leptons are defined as any charged fermion carrying no color. The discussion 
is very similar to the scalar case. Again we start with one new vector-like pair of charged 
leptons, whose mass term is written as 

,,2 



m f = mf0 + Cf — , 



(35) 



where A is a dimensionful parameter. Since the lepton is vector-like and has a Dirac mass 
term, cj can only originate from the dimension- five operator, 



O 



f 



A 



(36) 



giving rise to g^tj = Cfv/A. Then the enhancement factor is 

> 2 A 1/2 (r f ) 



R 



77 



l + Cf 



Am f A^tw) + N c Qt A 1/2 (r t ) 



(37) 
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FIG. 5: Contours of constant diphoton partial width, normalized to the SM value, shown as a 
function of Cf = g h jfh/v and the new vector-like lepton mass 

where we have assumed Qf — N c j = 1. Similar to the scalar case we focus on c/ < 0. In 
Fig. Owe see a factor of two increase in the diphoton width requires Cf < —2 for nif > 140 
GeV with A = 500 GeV. 

Next we discuss the possibility of fermion mass mixing. Reasonings similar to the discus- 
sion of scalar mass mixing in the previous subsection lead us to introduce a vector-like pair 
of charged fermions (£4, £4) carrying the same quantum number as the left-handed charged 
leptons, as well as a vector-like pair of fermions (L4, Lf) with the same quantum number 
as the right-handed charged leptons. The mass mixing is then induced by Yukawa-like cou- 
plings between (£4, L^) and (L 4 , i^) after electroweak symmetry breaking. We do not wish to 
introduce a fourth-generation-like leptons, which would always interfere destructively with 
the SM W boson loop, much like the top quark does, and an overall enhancement is difficult 
to obtain. 

The fermion mass matrix is written as follows 



(£t,Lt)M J 



La 



me 4 (v) Y f v 
Y f v m u {v) 




(38) 



where for simplicity we have assumed a single Yukawa coupling Yf controlling both the 
(L|, £ 4 ) and (£4, L 4 ) mass mixings, and 



m ti {v) = m e40 + q 4 — , m u (v) = m uo + c Li — . (39) 
For simplicity, we shall assume that all coefficients are real. To solve for the mass eigenvalues, 
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c u =c Ll =0, m u =m u =500 GeV, A=l TeV 




c,=c L =0, m,=m L =500 GeV, A=l TeV 



c,=c L =0, m,=m L =500 GeV, A=l TeV 




0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Yf 



FIG. 6: Left panel: Diphoton partial width normalized to the SM as a function of the mixing 
parameter between the two vector-like leptons. The solid (dashed) line in the -R 77 plots includes both 
(only the lightest) mass eigenstates. Middle panel: Mass of the lightest (solid, red line) and heaviest 
(dashed, blue line) vector-like lepton mass eigenstates as a function of the mixing parameter. Right 
panel: Effective couplings of the lightest (solid, red line) and heaviest (dashed, blue line) vector-like 
lepton mass eigenstates to the Higgs bosons as a function of the mixing parameter. 



we diagonalize the mass matrix-squared, 



M)M f 



m\{v) + Yfv 2 (m i4 + m u )Y f i 



(40) 



(rri£ 4 + m Li )Y f v m| 4 (i>) + Yfv 2 

which is in a form similar to the scalar case in Eq. (|26|) . 

The conclusion from the analysis of the determinant of the mass matrix-squared is similar 
to the scalar case, and a constructive interference with the SM W loop could be obtained for 
negative q 4 and cl a and/or large mass mixing. In the mass eigenbasis the mass eigenvalues 
and mixing angles are 
1 

2 L' 



m 



fl,2 



m 



+ m z Li + 2Yfv 2 T 



ml, 



m L 4 ) 2 + 4 ( m « 4 + m Li ) 2 Yfv 2 



2(m lA + m L4 )Y f v 



(41) 

S29 f — : h ^ — "- — > C2d f — T IT ■ (42) 

1 m f — m f 1 m f — mi 

h h h h 

The QhUfi cou phngs are again obtained from Eq. ( ITT]) . In Fig. [6] we show the enhancements 
in the diphoton width as a function of the mixing parameter Yf for the following scenario: 



cl a = , nie 4 o = "^z^o = 500 GeV , and A = 1 TeV . 



Again the solid and dashed lines in the i? 77 plot are for including both mass eigenstates and 
only the lightest mass eigenstate, respectively. We see that the contribution from the heavier 
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/2 is small, and has the effect of reducing the diphoton rate, since the effective coupling is 
positive. This implies the enhancement is largely determined by the lighter eigenstate f\. 
This feature is already present in the scalar case in Fig. H] although the contribution of the 
heaviest scalar is much harder to discern due to the smallness of the effect. The lighter state 
fi has a negative effective coupling to the Higgs and could strongly enhance the diphoton 
width. An enhancement by a factor of 1.5 is possible for Yf > 1.2, for which < 200 GeV 
and c fl < -4. 

The fact that, contrary to the scalar case, the heavier mass eigenstate does make a non- 
negligible contribution is due to a number of factors. First of all, from the right panel in 
Fig. we see that the effective couplings, Cf v i = 1,2, are of equal magnitude, but opposite 
in sign, in the benchmark scenario we considered. Also the loop function Axn remains 
an order unity factor in the mass range we studied. Then from Eq. fl37|) we see that the 
contribution from the heavy state is suppressed by m^/m^ relative to that from the light 
state. 6 On the other hand, for similar reasons, in the scalar case the suppression of the 
heavier state contribution relative to the lighter state one is proportional to rn 2 Si /m 2 S2 , as 
seen from Eq. (J22|) . and therefore decouples faster than in the fermion case. 

It is worth noting that fermions with a large Yukawa coupling could spoil the stability of 
the Higgs potential, which is well-known in the context of the fourth-generation models 28] . 
Although we are considering vector-like fermions, whose effects should decouple, the fermion 
masses necessary for a significant enhancement in the diphoton channel are still quite light, 
of the order of a few hundred GeV, and their effects may not decouple fast enough. More 
concretely, large values of the Yukawa couplings tend to induce a reduction of the Higgs 
quartic coupling at high energies, leading to potential instabilities in the Higgs potential. 
For values of Yf of order one or larger, such instabilities occur at the TeV scale. Therefore, as 
in the scalar case, a large increase of the diphoton rate must be associated with new physics 
at the TeV scale, beyond the one leading to the diphoton rate enhancement, to stabilize the 
Higgs potential. 

Searches for light charged fermions are again performed in, for example, the context of 



6 This pattern of suppression is different in the case of the top partners in little Higgs theories [27[ . In these 
models the Dirac mass term of the fermion is related to the dimension-five operator in Eq. (|36p due to the 
non-linearly realized global symmetry acting on the Higgs boson. The suppression in the contribution of 
the heavy top partner T relative to that from the SM top quark t turns out to be m^/m^. 



19 



charginos in sup—etry at the LEP. A lower bound on the ehargino mass is again of 
the order of 100 GeV [16| . Again one could assume a new Z 2 parity carried by the new 
fermion like the R parity carried by the charginos. From Figs. [5] and E] we see that, similar 
to the scalar case, a somewhat large coupling to the Higgs is required to have a light charged 
fermion heavier than the ehargino mass bound. 



IV. CORRELATING THE HIGGS 77 WIDTH WITH THE Z7 WIDTH 



Apart from the diphoton coupling, the Higgs coupling to Z7 is also induced at the loop 
level by the same particles running in the loop, due to the electroweak gauge symmetry. 
One can therefore expect a correlation between an enhancement in the diphoton width with 
a shift in the Z7 width. The SM contributions to the Z7 width is given by 



r(h Zj) 



G\m 2 w a 



64vr 4 



ml 



\A 



SMI 



where 



A 



SM 



cos 9 w A 1 (t W) \ w ) + N c 



with Tj = 4mf/m1, Aj = 4m^/m|, and T% = 1/2 is the weak isospin of the top quark 
whereas Q t = 2/3 is its electric charge in units of |e|. More generally, including contributions 
from new charged particles that do not carry any color charge, we can write 



Q t (2TP-4Q t sl 



-A 1/2 (Tt,Xt) 



(43) 



(44) 



T(h Zi) 



a 



512tt s 



m, 



2 A 



SM 



v sin 9 n 



A 



(45) 



where 



A 



W -9zww'A 1 (t wi , \ w >) + N cJ -^-(2Q f ) {gzu + gzrr)Ai/ 2 (r f , A/) 



m 



-N CtS 29h 2 S Qs 9zssAo(t s , A s ) 



ml 



(46) 



In the above g^u and gzu are the Higgs and Z couplings to a pair of the i particle, respectively, 
and we have considered the Z coupling to left-handed and right-handed fermions separately. 
Moreover, we have also included the possibility that the fermions and scalars have additional 
"dark color" degrees of freedom N c j and N Ct s, respectively, different from the SU(3) C ones. 
A consistency check of the scalar contribution in Eq. (146]) is given by the requirement that, 
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in the limit mz — > 0, the scalar contribution reduces to two times that in the diphoton 



amplitude 



30] . The Z boson couplings to fermions are, 



gza = — (if - Qsl) , and g Zrr = —(T^ - Qs 2 J , (47) 



where T% and T% are the weak isospin of the left-handed and right-handed fermions, 
respectively, and the electric charge Q is in unit of |e|. Notice that our definition of Ai(t w , X w ) 



differs from that in Ref. 



3l| by a factor of cot#„,. The modification in the partial decay 



width of the Higgs in the Z'j channel is then expressed in terms of 



R 



A 



(48) 



(2/v)(A SM /s u 

When the mass eigenstates are admixtures of particles with different isospin quantum num- 
bers, there are diagrams that contain two different mass eigenstates in the loop. However, 
Eqs. f !45p and (146 p describe only the contributions from loop diagrams containing the same 
mass eigenstate. We will argue later that, in the region of parameter space we are interested, 
the contribution from mixed diagrams where different mass eigenstates run in the loop is in 
general suppressed compared to the diagram containing only the lightest mass eigenstate. 

It is worth pointing out that, unlike in the 77 channel where only the electric charge of 
the loop particle enters, the amplitude in the Z7 channel now involves the coupling of the 
loop particle to the SM Z boson, which in turn depends on the SU(2)l x U(1)y quantum 
number. Therefore, simultaneous measurements of the decay widths in the 77 and Z7 
channels would probe the weak isospin charge and the electric charge of the new particles 
running in the loop. 

Below we will consider the modifications in the Z7 channel first assuming there is only 
a single new particle inducing the enhancement in the diphoton channel, and then proceed 
to analyze the possibilities of mass mixing among new particles. 



A. No Mass Mixing 

For the W scenario, we assume that the W is the T 3 = ±1 component of an electroweak 
triplet and therefore the gzww coupling is fixed to be the same as gzww due to the gauge 
invariance, 

gzww — gzww — cot 9w ■ (49) 
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The scalar and fermion cases, instead, depend on the specific electroweak quantum numbers. 
We consider two benchmarks where the scalars/fermions are SU(2)l singlets and doublets, 
respectively, 

(1) = 9fss = -^-(-Qssl) , & = 9 { z l = -^-{-QfsD , (50) 

(2) : gfss = " af u = & = ^r{-\~ Qf s l) ( 51 ) 

with Q s = Qf = -1. 

In Fig. [7] we show the modifications in the partial width of the Higgs boson and the 
corresponding enhancements in the diphoton width. In the W scenario we observe large 
enhancement in the Z^j channel for cw 1 > 0. If cw 1 < 0, instead, one would obtain a 
significant reduction in this channel. Due to the small couplings of the charged particles to 
the Z gauge boson, Benchmark 1 yields moderate reductions in Z'-f channel both the scalar 
and the fermion cases, while the pattern of deviations in Benchmark 2 is reversed between 
the scalar and the fermion cases with respect to Benchmark 1. 



B. With Mass Mixing 

When there is mass mixing between the new particles, the coupling of mass eigenstates 
to the SM Z boson depends on the mixing angle. In the scalar case Sl is an SU(2)l doublet 
while Sr is assumed to be a singlet. The resulting couplings are 

n r ( T s ~ Qssl \ n= ( T 3 L 4 S - Qssl s 2e3 T£/2 \ 
V -Qssl ) \ s 29s T 3 L /2 T 3 L sj s - Q s sl ) ' 

where 1Z is the rotation matrix from flavor to mass eigenbasis defined in Eq. (127|) . Contrary 
to the coupling to photons, there is now an off-diagonal coupling gzSiS 2 to the Z boson, 
which, together with the off-diagonal coupling to the Higgs boson, 

ghs^i = s 2 e s c-v + -^=c 29s X s , (53) 

would give rise to a mixed one-loop diagram with both the heavy and the light mass eigen- 
states in the loop. While such a contribution has been evaluated in Ref. |32[, the analytic 
form of the loop functions are much more complicated due to the presence of two mass 
scales, and will not be reproduced here. Nevertheless, notice that the Z off-diagonal cou- 
pling in Eq. fl52|) is multiplied by s 2e while the off-diagonal Higgs couplings in Eq. ( 153]) are 
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FIG. 7: Enhancement in the Z7 partial width due to a new particle. We have overlaid the changes 
in the diphoton width in the corresponding choices of parameters, which are shown as dashed curves. 
In the scalar and fermion cases we consider two benchmark scenarios, (1) and (2), as indicated in 
Eqs. and (oT\). 

multiplied by either s 2 6» or cie- The large Higgs off-diagonal contribution, proportional to 
Xs, is proportional to C20, and hence the dominant contribution to the mixed scalar diagram 
is proportional to s^e. This observation suggests that the mixed diagram is suppressed in 
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FIG. 8: Enhancement in the Zj partial width due to mass mixings. The left panel is for the scalar 
mass mixing while the right panel is for the fermion mass mixing. The mixing parameters necessary 
to induce large enhancements in the diphoton widths are shown in blue (vertical) lines. 

the large mixing limit where S20 ~ 1. There is also the additional suppression from the loop 
function containing one heavy mass scale, relative to the contribution from the lightest mass 
eigenstate. Since a large contribution to the diphoton rate can only come from the case in 
which the mixing between the two scalars is large, one would expect a small contribution 
from the mixed diagram to the Higgs Z7 decay width in this region of parameter space. 

In Fig. [8] we present the change in the partial width in the mass mixing cases, con- 
centrating on the region of parameters giving rise to large enhancements in the diphoton 
channel. The mixing parameters that are necessary to induce large enhancements in the 77 
channel are shown in vertical lines. In general the modification to the Z7 partial width is 
insignificant, at most a 5% deviation from the SM expectation. This is to be expected not 
only because the Z couplings are suppressed compared to the electromagnetic couplings, 
but also due to the fact that the mass eigenstates in these scenarios are mixtures of the 
charged component in the SU(2)i doublet and the singlet particle. As can be observed in 
Fig. [7J the doublet and the singlet have opposite trends in terms of the interference pattern 
with the SM amplitudes. Therefore, the two effects tend to cancel each other in the mixing 
case, resulting in small deviations. However, it is possible that with more exotic choices of 
electroweak quantum numbers we could get a larger effect in the Z7 channel, just like in 
the W case, which has the quantum numbers of an electroweak triplet. 
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V. CONCLUSION 



In this work, we have analyzed the possibility that the observed Higgs diphoton decay 
width is a result of new physics, and we discuss the properties that the new particles should 
fulfill in order to explain such an enhancement. We have concentrated on the cases of new 
charged particles of spin zero, spin one-half, and spin one. In general, a large enhancement 
of the Higgs diphoton decay width may only be obtained for particles with masses of the 
order of a few hundred GeV. Depending on the size of the coupling of these new particles 
with the Higgs boson, considerations from precision electroweak measurements and vacuum 
stability may hint at the existence of additional new particles at the TeV scale. In addition, 
to avoid constraints from direct searches for light charged particles that affect the diphoton 
partial width, one could postulate a new Z2 parity carried by these new particles. At the 
LHC, these particles could be accessible and pair-produced via electroweak processes, much 
like superpartners. 

In the spin zero case a constructive interference with the SM W ± contribution demands 
either negative couplings to the Higgs or large mixing between, for instance, scalars trans- 
forming as doublets and singlets of the electroweak SU(2)i group. In the fermion case, we 
consider the case of vector-like fermions since chiral fermions tend to induce a reduction 
of the Higgs diphoton decay width. For vector-like fermions an enhancement can again be 
obtained by either a negative coefficient of the dimension-five coupling of the fermion to the 
Higgs, or the presence of large mixing between species of different SU (2) quantum numbers. 
In the vector case, we have parametrized the vector coupling in unit of the SM W coupling 
to the Higgs. In this case, positive couplings lead to constructive interference with the W ± 
loop. 

We have also studied the possible correlation with the Z7 coupling. In the fermion 
and scalar cases, we concentrated on SU(2)l singlet and doublet scenarios, and found the 
contribution to the Z7 coupling to be significantly smaller than in the diphoton case. In 
the vector case the enhancement of the 77 Higgs decay width would be accompanied by a 
similar enhancement of the Z7 width. Therefore an analysis of the Z7 decay rate [l^] and 
its comparison with the 77 one, may reveal relevant properties of the possible new physics 
at the electroweak scale. 

Last but not the least, although the current data show a hint of an enhanced Higgs to 
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diphoton decay width, we emphasize that the analysis considered in this work could be 
applied to the high energy and high luminosity data collected in the future. If the Higgs 
boson is discovered, precision measurements of partial decay widths in various channels 
would become a top priority in order to properly identity the nature of the Higgs boson. 
In this case, the current work will provide a guidance to place constraints on properties 
of possible new charged particles with significant couplings to the Higgs boson, which can 
contribute to the 77 and Z7 widths. 



Acknowledgment s 

We would like to thank Bogdan Dobrescu, Stefania Gori, Ben Grinstein, Christophe 
Grojean, Nuria Rius and Nausheen Shah for discussions. Fermilab is operated by Fermi Re- 
search Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S. Department 
of Energy. Work at ANL is supported in part by the U.S. Department of Energy under 
Contract No. DE-AC02-06CH11357. Work at Northwestern is supported in part by the 
U.S. Department of Energy under Contract No. DE-FG02-91ER40684. 



Appendix: Definitions of Loop Functions 

Loop functions used in this paper are defined as follows: 

A ± (x) = -x 2 [2x~ 2 + 3X" 1 + 3(2x~ 1 - . (54) 

A 1/2 (x) = 2x 2 [x- 1 + (x- 1 - l)/^" 1 )] , (55) 

A (x) = -x 2 [aT 1 - fix" 1 )] , (56) 
A 1 {x, y) = 4(3 - tan 2 9 w )I 2 (x, y) + [(1 + 2T" 1 ) tan 2 9 W - (5 + 2T" 1 )] h{x, y) , (57) 

Ai/ 2 (x,y) = h(x,y) - h{x,y) , (58) 

Ao(x,y) = h(x,y) , (59) 



where 



I*(x,y) = -^^yjU^ 1 ) ~ fiv' 1 )] ■ (61) 
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It is worth pointing out that, compared with the definition in Ref. j31|, we have factored 
the ZWW triple gauge boson coupling in Eq. ( H9j) out of the loop function in A\(x,y). For 
a Higgs mass below the kinematic threshold of the loop particle, m h < 2 m loop , we have 

f(x) = arcsin 2 \/x , (62) 
g(x) = V x^ 1 — 1 arcsin \/x . (63) 
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